Nomenclature
C p
= specific heat at constant pressure, J=kg K h chem = chemical potential, MJ=kg h 0 = specific total enthalpy, MJ=kg h 0 = time-averaged specific total enthalpy, MJ=kg I = probe laser intensity, mW=mm NDUCTIVELY coupled plasma (ICP) generators are useful tools to simulate entry and reentry conditions for the development of a thermal protection system (TPS) [1, 2] . Although arc heaters are widely used to generate high-enthalpy flows, their electrode erosion has been recognized to cause flow pollution, which makes it difficult to evaluate the chemical reaction rates on the front side of TPS surfaces [3, 4] . ICP generators can produce an ideal test condition for TPS tests, because they have no undesirable chemical reactions that result from the electrode erosion. Another advantage of such generators is that they can use even reactive gases such as carbon dioxide and oxygen, because of their electrodeless heating. Thereby, Mars or Venus entry conditions can be simulated using these generators.
An inductively heated plasma generator (IPG3) has been developed at the Institut für Raumfahrtsysteme at the University of Stuttgart [5, 6] . Various intrusive measurements using a calorimeter, pitot probe, Mach probe, and heat flux probe have been applied to the flows [7] . Nevertheless, it is still difficult to measure the temporal variations of flow properties, which would be valuable information for the validation of intrusive measurements and further studies of TPS surface physics.
In our previous study, laser absorption spectroscopy (LAS) was applied to the pure oxygen flow generated by the IPG3, and the flow properties were successfully estimated from the absorption line of atomic oxygen at 0 777:19 nm [8] . However, in the airflows generated at the Institute of Space Technology and Aeronautics (ISTA) of the Japan Aerospace Exploration Agency (JAXA) by an ICP wind tunnel [9] , the absorption signal of the same line was too small to be detected. This result is the case with arc-heater plumes. It is reported that in air plumes, no absorption signal of the line could be detected (even for one of the largest arc heaters, the Interaction Heating Facility at NASA Ames Research Center [10] ), though strong absorption signals were detected in argon/oxygen plumes [11] . In this study, the LAS was applied to an airflow by the IPG3, and the temporal and time-averaged specific enthalpy and degree of dissociation in oxygen and nitrogen were estimated.
II. Experimental Apparatus
The IPG3 comprises a Meissner-type resonant circuit as an RF oscillator. Its operational frequency can be optimized to achieve high-energy coupling efficiency for various gas species by switching the number of capacitors. In the airflows, the optimized frequency with four capacitors is 640 kHz. Figure 1 shows the image of the IPG3 plume, operation conditions, and measurement position. These conditions and position are the same as those in standard TPS tests. The details of the IPG3 are described in [5, 6] .
In the LAS, the translational temperature was deduced from the absorption-line broadening of atomic oxygen at 0 777:19 nm by assuming a Gauss profile. The measurement system and probe laser conditions were almost the same as those in the previous study [8, 12] . Because the absorption signals in the airflow are considerably weaker than those in the oxygen flow, a 2-mm pinhole and a bandpass filter with a full-width at half-maximum of 10 nm were used in front of a photodetector to reduce the plasma emission. An etalon was used as a wave meter; its free spectral range was 0.75 GHz. Figure 2 shows the history of the absorbance ln I=I 0 , along with an emission signal. The absorbance fluctuated in synchronization with the emission signal at 300 Hz. The trace is regular, and it can be categorized into two modes, as shown in Fig. 2 . In both modes, the emission signal approaches zero and the plasma might be extinguished over half a cycle.
III. Result
In each mode, the absorbance was extracted every 0.25 ms, as shown in Fig. 2 . Here, the origin of elapsed time is set at the maximum emission signal in mode 1. Then time-synchronous absorption profiles were obtained by rearranging the absorbance according to the same elapsed time in the same mode, as shown in Fig. 3 . The absorption profiles could be detected for a total of nine elapsed points in a series of modes 1 and 2, which implies that the averaged measurement time duration is 33% of a cycle.
Because the absorbance comprises path-integrated absorption coefficients, Abel inversion was applied to the detected region of r < 6 mm to obtain the absorption coefficients on a frequency-byfrequency basis. After curve-fitting the path-integrated absorption profiles shown in Fig. 3 , the absorbance was extracted from the fitted curves every 0.4 GHz, following which the absorption profiles were reconstructed. In this study, we discuss only axial values. Figure 4 shows the history of the translational temperature and the corresponding emission signal with the extracted points. In the measured time region, the temperature was in the range from 3100 to 3600 K.
IV. Discussion
The specific enthalpy and degree of dissociation in oxygen and nitrogen were estimated as follows. Unlike in a pure-oxygen condition, the air is accelerated more aerodynamically than electromagnetically [13] . Then, assuming an isentropic expansion and chemically frozen flow between the discharge tube and the plume, the total specific enthalpy is estimated as
In this study, the flow velocity was estimated from u M RT p using an averaged Mach number of 1:94 0:14 measured by the pitot probe and the temperature by this work.
Because the total pressure measured in the discharge tube was as high as 11 kPa, the chemical composition in the tube was calculated by assuming thermochemical equilibrium. In the calculation, the following 11 chemical species were considered:
, and e . Their equilibrium constants were obtained from [14] . In addition, the specific heat at a constant pressure, the gas constant, and the specific heat ratio were computed as the sum of the contributions of all species. Figure 5 shows the calculated mole fraction and specific enthalpy as a function of the total temperature. The deduced total temperature was approximately in the range from 5200 to 6700 K. Figure 6 shows the history of specific total enthalpy and degree of dissociation in oxygen and nitrogen. Here, the time axis is the same as that in Fig. 4 . The maximum specific total enthalpy is 30:3 MJ=kg. Although oxygen was almost completely dissociated, the degree of dissociation in nitrogen was approximately 50%. In such a condition, the degree of dissociation in nitrogen is very sensitive to the temperature variation. Therefore, even a 5% error in the translational temperature, which is the lowest in this measurement, causes a 30% error in the degree of dissociation in nitrogen and a corresponding 20% error in the total specific enthalpy. The time-averaged specific total enthalpy is defined as h 0
Here, the equation of state p amb RT is used under the assumption that the pressure in the plume is identical to the ambient pressure. Assuming a room temperature of 300 K in the extinguished region, the time-averaged specific total enthalpy was estimated as 6:86 3:4 MJ=kg. However, this value might be underestimated, because the gas temperature in the extinguished region would be higher than the room temperature, due to heat conduction. In addition, a low temperature in the extinguished region has a greater influence on the averaging, because the weight of the integrand in Eq. (2) is inversely proportional to the square root of the temperature. Then the averaging was applied to the emission region, which corresponds to the measured time duration of the cycle. The estimated enthalpy and degree of dissociation in oxygen and nitrogen were 23:5 11:4 MJ=kg and 98 and 44%, respectively.
V. Conclusions
Laser absorption spectroscopy was applied to the diagnostics of a nonstationary IPG3 airflow to obtain the temporal variations of the flow properties. Consequently, the IPG3 is found to produce a pulsed high-enthalpy flow at 300 Hz, with the averaged pulse duration equal to 33% of a cycle. The time-averaged total specific enthalpy and degree of dissociation in oxygen and nitrogen in this duration are estimated as 23:5 11:4 MJ=kg and 98 and 44%, respectively.
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